In previous experiments the activity-dependent secretion of nerve growth factor (NGF) from native hippocampal slices and from NGF-cDNA transfected hippocampal neurons showed unusual characteristics [Blöchl and Thoenen (1995 ) Eur J Neurosci 7:1220-1228 (1996) Mol Cell Neurosci 7:173-190]. In both hippocampal slices and cultured hippocampal neurons the activity-dependent secretion proved to be independent of extracellular calcium, but dependent on the release of calcium from intracellular stores. Under different experimental conditions, Goodman et al. [(1996) Mol Cell Neurosci 7:222-238] reported that the high potassium-mediated secretion of brain-derived neurotrophic factor (BDNF) from hippocampal cultures was dependent on extracellular calcium. Mowla et al. [(1997) Proc 27th Annu Meet Soc Neurosci New Orleans 875.10] reported on even further-reaching differences between NGF and BDNF secretion, namely, that in hippocampal neurons and in pituitary cell lines NGF was secreted exclusively according to the constitutive pathway, whereas BDNF was exclusively sorted according to the activity-dependent regulated pathway. In view of the crucial importance of such potential differences between the processing, sorting, and secretory mechanisms of different neurotrophins for their modulatory roles in activity-dependent neuronal plasticity, a thorough analysis under comparable experimental conditions was mandatory. We demonstrate that in native hippocampal slices and adenoviral-transduced hippocampal neurons there are no differences between NGF and BDNF with respect to the subcellular distribution and mechanism of secretion; that the activity-dependent secretion of both NGF and BDNF is dependent on intact intracellular calcium stores; and that the differences between our own observations and those of Goodman et al. (ibid.) regarding the dependence on extracellular calcium do not reflect differences between NGF and BDNF sorting and secretion, but reflect the differing experimental conditions used.
INTRODUCTION
The modulatory role of neurotrophins in activitydependent neuronal plasticity represents a new facet in the ever-growing spectrum of biological actions of this gene family (see Bonhoeffer, 1996; Schuman, 1997; Thoenen, 1995) . The physiological importance of the modulatory role of neurotrophins is evident from the observation that the development of the activitydependent formation of ocular dominance in the visual cortex of several species can be disrupted not only by the local administration of neurotrophins (see Bonhoeffer, 1996; Cellerino and Maffei, 1996) , but also-and most importantly-by blocking agents, i.e., anti-neurotrophin antibodies (Berardi et al., 1994) and Trk receptor bodies (IgG fusion proteins in which the variable domains of IgGs are replaced by the extracellular domains of different Trk receptors; see Cabelli et al., 1997; Figurov et al., 1996) .
However, the relatively complex system of the visual cortex (see Bonhoeffer, 1996; Katz and Schatz, 1996) is not suitable for a detailed analysis of the underlying cellular and molecular mechanisms. Therefore, complementary analyses have been performed in appropriate in vitro systems, including synaptosomes (Knipper et al., 1994a,b; Sala et al., 1998) , primary neuronal cultures (Lessmann et al., 1994; Lessman and Heumann, 1998; Levine et al., 1995; Suen et al., 1997) , co-cultures of Xenopus spinal neurons and myocytes (Lohof et al., 1993; Wang and Poo, 1997; Wang et al., 1998) , and acute and chronic slices of different brain regions (Akaneya et al., 1997; Figurov et al., 1996; Kang and Schuman, 1995; Kang et al., 1997; McAllister et al., 1995 McAllister et al., , 1996 . The administration of exogenous neurotrophins modulates synaptic transmission by both presynaptic and postsynaptic mechanisms. Presynaptically, neurotrophins enhance the activity-dependent secretion of conventional neurotransmitters (Gottschalk et al., 1998; Lessmann et al., 1994; Lessman and Heumann, 1998; Li et al., 1998; Lohof et al., 1993) . Postsynaptically, they enhance transmission through N-Methyl-D-aspartic acid (NMDA) receptors (Levine et al., 1995 (Levine et al., , 1998 , promoting the phosphorylation of the NMDA receptor subunit-1 (Suen et al., 1997) . Conversely, brain-derived neurotrophic factor (BDNF) attenuates the transmission via GABA A receptors (Tanaka et al., 1997) . It is important to emphasize that these pre-and postsynaptic effects are not ubiquitous, but depend on the expression of the corresponding Trk receptors that are preferentially assigned to the individual neurotrophins: TrkA to nerve growth factor (NGF), TrkB to BDNF and NT-4/5, and TrkC to NT-3 (see Barbacid, 1994; Bothwell, 1995; Lewin and Barde, 1996) . Moreover, at the CA1-Schaffer collateral synapses of hippocampal slices-a well-analyzed in vitro system-BDNF has been shown to be important in the formation of long-term potentiation (LTP) (Korte et al., 1995; Patterson et al., 1996) , a paradigm for learning and memory (see Bliss and Collingridge, 1993; Collingridge and Bliss, 1995) . LTP was drastically reduced in hippocampal slices of BDNF knockout mice. Interestingly, homo-and heterozygous mice showed the same impairment (Korte et al., 1995; Patterson et al., 1996) , indicating that a critical quantity of BDNF has to be available in this system for LTP formation. Longlasting (3-6 hours) LTP seems to be even more dependent on BDNF, since it is totally abolished in BDNF knockout mice (Korte et al., 1996b) . Since LTP can be reconstituted either by adenoviral-mediated overexpression of BDNF in the CA1 region (Korte et al., 1996a) or by bath application of BDNF (Patterson et al., 1996) , the reduced BDNF availability is responsible for these effects rather than subtle cumulative developmental changes in the knockout animals. The importance of BDNF for the formation of LTP is further supported by the observation that treatment of hippocampal slices with TrkB receptor bodies inhibited the generation of theta-burst stimulation induced LTP (Kang et al., 1997) . The natural onset of LTP expression during development coincides with the rapid increase of BDNF levels in the hippocampus (Figurov et al., 1996; Gottschalk et al., 1998) . Before this developmental stage, exogenous administration of BDNF permitted the induction of LTP (Figurov et al., 1996) . All these experiments demonstrate that BDNF availability is crucial for the formation of this specific kind of neuronal plasticity.
In order to integrate the different effects of neurotrophins into a physiological context, it is essential to identify the mechanisms that determine the availability of neurotrophins under physiological conditions, i.e., the regulation of synthesis and secretion of neurotrophins. It is now well established that the regulation of synthesis of neurotrophins, particularly that of BDNF and NGF, occurs in a very rapid manner and is mediated by the interplay of excitatory and inhibitory neurotransmitters (see Lindholm et al., 1994; Thoenen, 1995) . The positive regulation is mediated by the influx of calcium, which then-via activation of calmodulinresults in CREB phosphorylation (Tao et al., 1998) , regulating the synthesis of BDNF via specific promoter sites (Shieh et al., 1998) . However, in addition to the site, extent, and rate of the regulation of synthesis, the mechanism(s) and site(s) of secretion are of primary importance. It has been demonstrated that NGF is secreted from both hippocampal slices and NGFtransfected hippocampal cultures along the constitutive and activity-dependent pathway Thoenen, 1995, 1996) . The activity-dependent NGF secretion showed unconventional characteristics in that it is independent of extracellular calcium but depends on intact intracellular calcium stores Thoenen 1995, 1996) . Similar characteristics have also been demonstrated for neurotrophin-mediated neurotrophin secretion occurring as a consequence of Trk receptor activation (Canossa et al., 1997) . However, discordant results have been reported for high potassium-mediated secretion of BDNF from virus-transduced primary cultures of hippocampal neurons and AtT-20 and PC12 cells (Goodman et al., 1996) . These authors observed that the high potassium-mediated secretion of BDNF was dependent on extracellular calcium under their (''static'') experimental conditions. Based on these observations, they suggested that one possible explanation for this discrepancy could be differences between the secretory mechanisms of NGF and BDNF. Even more striking differences were reported in an abstract by Mowla et al. (1997) , who claimed that the secretion of NGF occurs in different cellular systems exclusively according to the constitutive pathway, whereas BDNF is secreted exclusively according to the regulated pathway. Such potential differences between the mechanisms of sorting and secretion of different neurotrophins are of paramount importance for the function of these neurotrophins in modulating activitydependent neuronal plasticity and will, therefore, be addressed in this article. We demonstrate that the reported differences between the secretion characteristics of BDNF and NGF do not reflect differences between the subcellular distribution and mechanism of secretion of the two neurotrophins, but reflect the different experimental conditions (''static'' vs. ''perfusion'' system) under which these results were obtained.
MATERIALS AND METHODS
Acute Hippocampal Slices Slices (350 µm) were prepared from the hippocampi of adult Wistar rats (either sex) in cold, oxygenated modified Hanks buffer (Blöchl and Thoenen, 1995) using a MacIlwain tissue chopper. Slices obtained from one hippocampus were placed in a perfusion chamber and constantly perfused with Hanks buffer equilibrated with 95% O 2 and 5% CO 2 . After an equilibration period of 30 minutes at a flow rate of 0.1 or 0.5 ml/min, release experiments were started.
Primary Cultures of Hippocampal Neurons
Hippocampal neurons were prepared from E17-18 Wistar rats according to the procedure of Zafra et al. (1990) . Briefly, neurons were plated at a density of 300,000 per well (48-well dish) on glass coverslips coated with poly-DL-ornithine (0.5 mg/ml) (Brewer and Cotman, 1989) . After 7-8 days in culture, neurons were transduced with approximately 10 7 -10 8 pfu of AdCMV-NGF (Ad ϭ adenovirus; CMV ϭ cytomegalovirus promoter) or AdCMV-BDNFmyc in a reduced volume of 300 µl complete medium . Neu-rons were used for the release experiments on the following day.
Adenoviral Vectors
Viral vectors were constructed by homologous recombination in 293 cells (Graham and Prevec, 1991; McGrory et al., 1988) . AdCMV-NGF contained the sequence of mouse preproNGF and AdCMV-BDNFmyc the sequence of mouse preproBDNF. In order to add the myc epitope of 10 amino acids, the three C-terminal amino acids of the BDNF coding region were removed (Canossa et al., 1997; Heymach and Shooter, 1995) .
Characteristics of the Perfusion System
Acute slices and hippocampal neurons cultured on glass coverslips were placed in a perfusion chamber (Minucell and Minutissue, Bad Abbach, Germany) and constantly perfused with Hanks buffer at 37.8°C. Fractions of 0.5 ml volume were collected for 1 minute at a flow rate of 0.5 ml/min or 5 minutes at a flow rate of 0.1 ml/min and the samples analyzed by ELISA. A pulse of 1 or 5 minutes of bovine serum albumin (BSA) or the vital dye Cochenille Red (0.1%, Sigma, Deisenhofen, Germany) was collected as a defined peak, indicating that the liquid stream is laminar in these chambers (data not shown). The dead volume of the perfusion system was lower than 0.5 ml, corresponding to a perfusion time of less than 1 minute at a flow rate of 0.5 ml/min and between 4 and 5 minutes at a flow rate of 0.1 ml/min.
Release Experiments and Statistical Analysis
Cultured hippocampal neurons or hippocampal slices were perfused with modified Hanks buffer in a perfusion system as described by Canossa et al. (1997) . Briefly, cells were placed in perfusion chambers and equilibrated with calcium-containing modified Hanks buffer at a perfusion rate of 0.1 ml/min or 0.5 ml/min for 20 to 30 minutes before samples were collected. After two basal values of 1 or 5 minutes, stimulations were initiated for 1 or 5 minutes and three more fractions were collected after stimulation. After 30 minutes of recovery, samples were again collected and a second stimulation was initiated. Stimulations were performed either by replacing 50 mM NaCl with 50 mM KCl in the perfusion medium or by using glutamate at a concentration of 50 µM. In order to distinguish between the roles played by extracellular and intracellular calcium, either the high affinity calcium chelator 1,2-bis(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid (BAPTA), its membrane-permeable ester 1,2-bis-(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetraacetic acid pentaacetoxymethyl ester (BAPTA/AM) (Tsien, 1980 (Tsien, , 1981 or thapsigargin and caffeine were added at a concentration of 10 µM. After a first stimulation in calcium-containing perfusion buffer serving as a control, calcium was omitted from the perfusion buffer and BAPTA or BAPTA/AM was added (thapsigargin and caffeine were added to the perfusion buffer in the presence of calcium). After a further equilibration period of 30 minutes, a second stimulation was initiated.
BDNF and NGF were quantified by ELISA and expressed in pg/ml as shown for representative examples in Figures 1, 2 , 3, 5, and 6A. These experiments include examples of differing perfusion rates. For statistical analysis, in order to be able to compare BDNF secretion characteristics obtained in slices and transduced cultures, the data are presented as a percentage of control of at least four independent experiments in which the quantity of BDNF release by the second stimulus was expressed as a percentage of the first reference stimulus (Fig. 4) .
BDNF secretion was also quantified under ''static'' conditions. In these experiments, hippocampal neurons infected with AdCMV-BDNFmyc were equilibrated with calcium-containing modified Hanks buffer for 30 minutes before samples were collected. After two basal collection values of 10 minutes, the cultures were stimulated for 10 minutes replacing 50 mM NaCl with 50 mM KCl in the medium. In order to distinguish between the roles played by extracellular and intracellular calcium originating from the calcium stores, the high-affinity calcium chelator BAPTA was added to the calcium-free medium, or the cultures were treated with thapsigargin (10 µm) and caffeine (3 mM) in calciumcontaining medium during the equilibration time before samples were collected. The data presented are the mean Ϯ SEM of at least four independent experiments (Fig. 6B).
Release of 3 H-Glutamate From Hippocampal Neurons
To study glutamate release, hippocampal neurons (300,000 on a glass coverslip) were loaded for 1 hour with 1 µCi 3 H-glutamate in a 48-well dish at 37°C; cells were placed in a perfusion chamber equilibrated with calcium-containing modified Hanks buffer. Cells were then perfused for 10 minutes before samples were collected. After two basal values of 5 minutes, the neurons were depolarized with 50 mM KCl for 5 minutes and four additional fractions of 5 minutes each were collected (Fig. 3C ).
Enzyme Immunoassays (ELISAs)
Two different enzyme immunoassays for BDNF were used. Before anti-BDNF monoclonal antibodies became available, preliminary experiments were performed using an enzyme immunoassay according to Nawa et al. (1995) . However, the data presented in this article are based on the assay described by Canossa et al. (1997) . Briefly, two monoclonal antibodies (#1 and #9) were affinity-purified. The #1 antibody was used as a first antibody; #9 was conjugated with peroxidase (Boehringer Mannheim, Germany) and used as a second antibody. ELISA plates were coated overnight at 4°C with the first antibody in 50 mM sodium carbonate buffer (pH 9.7), blocked overnight with ELISA buffer consisting of Hanks buffer, 0.1% Triton X-100, and 2% BSA. Samples and standards of recombinant BDNF (0.5-1,000 pg/ml) were transferred to the plates together with the second antibody and incubated overnight at 48°C. After washing, the quantity of bound peroxidase-coupled second antibody was determined by incubation with TMB-peroxidase substrate (Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA) for 30 minutes. After stopping the reaction with 1 M H 2 SO 4 , the absorptions were determined. The ELISAs showed a sensitivity of 0.5 pg/ml of BDNF. NGF was quantified according to the method of Korsch-ing and Thoenen (1987) , as modified by Spranger et al. (1990) .
Calcium Imaging
We measured free intracellular calcium in both ''static'' and ''perfusion'' conditions. Hippocampal neurons were loaded for 40 minutes with 2 µM Fura2-AM, rinsed, and incubated in fresh culture medium for 10 minutes before the measurements. The cells were kept in modified Hanks buffer during analysis. Cells were visualized with a Zeiss Fluar 40 ϫ 1.30 oil objective by using an inverted microscope (Axiovert 100, Zeiss). Fluorescence was determined at the excitation wavelengths of 340/380 nm, monitoring the emission at 510 nm with an intensified charge coupled device camera (Hamamatsu), and images were processed with Argus 50/CA software. Images were taken at a sampling rate of 0.75/sec; eight frames were averaged for each image.
Immunohistochemistry and Confocal Microscopy
For intracellular detection of NGF or BDNFmyc, hippocampal neurons were fixed for 20 minutes with 4% paraformaldehyde in PBS. Cells were permeabilized using 0.2% Triton X-100. Background fluorescence was quenched by 0.1 M glycine for 20 minutes. Unspecific binding sites were blocked by incubating the neurons for 1 hour with 20% normal goat serum (NGS). All antibodies were diluted in 1% NGS in PBS. The first antibody was added overnight at 4°C; all other steps were performed at room temperature. For the detection of BDNFmyc, a 9E10 hybridoma supernatant (dilution 1:10) recognizing the 10 amino acid myc epitope was used. For NGF, a rabbit anti-NGF antiserum (Calbiochem-Novabiochem, San Diego, CA, USA) was used at a dilution of 1:1,000.
The secondary antibody was biotinylated anti-mouse IgG (1:2,000; Jackson Immunoresearch, West Grove, PA, USA), in combination with anti-rabbit lissaminerhodamine antibody (1:150; Dianova, Hamburg, Germany). Biotin was visualized by incubation with streptavidin-conjugated FITC (1:500; Dianova) for 30 minutes. After extensive washing, coverslips were mounted and analyzed by confocal microscopy.
RESULTS

Comparison Between the Mechanisms of Secretion of NGF and BDNF in Transduced
Hippocampal Neurons and Native Hippocampal Slices The characteristics of the 50 mM potassium-induced BDNF and NGF secretion from native hippocampal slices are very similar (Fig. 1A,B) , although a comparison of absolute values is not possible, since the basal levels of NGF secretion are much lower than those of BDNF, reflecting the substantially lower levels of NGF mRNA and protein in the rat hippocampus compared to those of BDNF (Hofer et al., 1990; Korsching et al., 1985; Nawa et al., 1995) . Similar results were obtained by stimulation of hippocampal slices with 50 µM glutamate (Canossa et al., 1997) . Thus, virtually identical features are shown by the high potassium-and glutamate-mediated NGF and BDNF secretion from native hippocampal slices.
In dissociated primary cultures of hippocampal neurons, a 50 mM potassium-mediated release of BDNF could occasionally be observed, but the levels were always at the detection limit and therefore unreliable (data not shown). Since the levels of NGF secretion in native hippocampal neurons were in any case below the detection limit, further analyses in dissociated hippocampal cultures were performed after transduction with adenoviral vectors carrying the cDNAs of BDNF or NGF. This procedure also permitted expression of NGF and BDNF in comparable quantities.
Adenovirus-Mediated Gene Transfer Increases Levels of Basal and Regulated
Secretion of NGF and BDNF Basal levels of NGF and BDNF secretion were similar and reliably detectable after infection with appropriate titers of corresponding adenoviral constructs for about 16 hours (Fig. 1C,D) . Both BDNF and NGF concentrations in the perfusate increased 3-5-fold by depolarization with 50 mM potassium as compared to basal values (Fig. 1C,D) . The time course of NGF and BDNF secretion was very similar to that of endogenous NGF from native hippocampal slices (Fig. 1A,B) . Thus, the basic characteristics of secretion are not changed by adenovirus-mediated overexpression of NGF and BDNF compared to those of nontransduced hippocampal slices.
In order to compare the results obtained for NGF and BDNF secretion from hippocampal slices and adenoviral-transduced hippocampal cultures resulting in highly differing absolute quantities of neurotrophins in the perfusion media, the evolving results were also presented as a percentage of control as the mean Ϯ SEM of at least four independent experiments (presented in Fig. 4) .
Characteristics of BDNF Secretion From Hippocampal Neurons Induced by High Potassium at Different Perfusion Rates
In order to obtain a higher temporal resolution of release, we analyzed the neurotrophin secretion at a higher flow rate of 0.5 ml/min. The time course of BDNF secretion from hippocampal slices ( Fig. 2A) and BDNFtransduced primary cultures (Fig. 2B,C) demonstrated that BDNF secretion occurs immediately after depolarization (the time lag corresponds to the dead volume of less than 1 minute; see Materials and Methods). Depolarization-initiated intracellular calcium increase showed a time course similar to that obtained for BDNF secretion (Fig. 2B) , as demonstrated by calcium imaging with Fura-2. Although prolonged (5 minutes) depolarization caused a sustained calcium increase throughout the stimulation period (Fig. 2C) , the time course of BDNF secretion remained essentially the same as that following high potassium stimulation for 1 minute only.
If the high potassium-mediated secretion was initiated at shorter time intervals than 30 minutes, the quantity of BDNF secreted by subsequent stimulations gradually decreased, possibly resulting from a gradual depletion of the available stores (Fig. 3A) . In contrast, after the normal recovery period of 30 minutes between two subsequent stimulations, comparable quantities of secreted BDNF were obtained (Fig. 3B) .
We further compared the characteristics of activitydependent neurotrophin secretion with those of conven-tional neurotransmitters. After loading of BDNFtransduced hippocampal neurons with 3 H-glutamate, the time courses of both 3 H-glutamate and BDNF secretion were determined (Fig. 3C) . The greater proportion of 3 H-glutamate released was already present in the fraction collected during the time of stimulation, whereas BDNF secretion peaked immediately after depolarization. Similar results were obtained in native Figure 4 and expressed as the mean Ϯ SEM of at least four independent experiments. For details of slice preparations, culture and perfusion procedures, and ELISAs, see Materials and Methods. Blöchl and Thoenen (1995) demonstrated that the activity-dependent secretion of NGF is independent of extracellular calcium, but depends on intact intracellular calcium stores. In contrast, Goodman et al. (1996) reported that BDNF secretion depends on extracellular calcium and suggested that one possible explanation for this discrepancy could be different mechanisms of NGF and BDNF secretion. We now demonstrate that the discordant results reflect differing experimental conditions rather than differences between the mechanisms of NGF and BDNF secretion. We first compared the role played by extracellular calcium in high potassium-initiated BDNF secretion in acute hippocampal slices and transduced primary cultures of hippocampal neurons in our perfusion system. After a first depolarizing stimulus in calcium-containing medium, neurons were perfused for 30 minutes with calcium-free buffer containing 10 µM BAPTA; this was followed by initiation of the second stimulus. In both native hippocampal slices and BDNFtransduced hippocampal cultures, the KCl-and glutamate-mediated secretion of BDNF was unaffected by the absence of extracellular calcium (Figs. 4A,B, 5A,B) . As a control for the presence of glutamate in the perfusion system, glutamate was quantified in each of the collected fractions (Fig. 5D) . Similar to the effect of high potassium on intracellular calcium levels (Fig.   2B,C) , glutamate increased intracellular calcium in hippocampal neurons in calcium-containing medium. However, in contrast to high potassium-mediated depolarization there was a clearly detectable residual calcium signal, also in the absence of extracellular calcium, most likely reflecting mobilization of calcium from intracellular stores (Fig. 5C) .
Having demonstrated that NGF and BDNF showed essentially the same characteristics of secretion under our own experimental conditions, we next compared the results evolving from these conditions with those of Goodman et al. (1996) . The differences were as follows: 1) Goodman et al. (1996) performed their experiments under ''static'' conditions, while we used a perfusion system (see Discussion for reasons for using a perfusion system); 2) high potassium stimulation for 30 minutes, compared to 1 or 5 minutes in our experiments; 3) calcium concentrations 5 mM, compared to 1 mM in our experiments; and 4) use of the irreversible esterase inhibitor phenylmethylsulfonyl fluoride (PMSF) in order to prevent proteolytic degradation of BDNF during the long stimulation period. The experimental conditions chosen by Goodman et al. (1996) were dictated by the necessity to obtain sufficiently high concentrations of secreted BDNF in order to permit its identification by Western blot analysis. Although we used gentler experimental conditions (omitting PMSF and 1 mM calcium, duration of stimulation 5 or 10 minutes), we nevertheless confirmed that under static conditions the high potassium-mediated secretion was dependent on extracellular calcium (Fig. 6B) , in contrast to perfusion conditions (Fig. 4) .
Calcium Mobilization From Intracellular Stores
Is Necessary for Depolarization-Mediated Neurotrophin Secretion Under All Experimental Conditions In view of the discordant results concerning the role of extracellular calcium under static as compared to perfusion conditions, we evaluated the importance of calcium mobilization from intracellular stores for activity-dependent neurotrophin secretion in the presence of extracellular calcium. Figure 6A demonstrates that the addition of thapsigargin and caffeine, which themselves initiate BDNF release (resulting from calcium mobilization), abolishes the subsequent BDNF release by high potassium in the presence of extracellular calcium. Similar results were obtained by stimulation with 50 µM glutamate (data not shown). Interestingly, the depletion of calcium stores by thapsigargin and caffeine also abolished high potassium-mediated BDNF secretion under static conditions in the presence of extracellular calcium (Fig. 6B) , demonstrating that intact intracellular calcium stores are in any case of primary importance.
Localization of BDNF and NGF in Hippocampal
Neurons Infected With AdCMV-BDNFmyc or AdCMV-NGF Since under all experimental conditions no differences between NGF and BDNF secretion characteristics could be detected, it was interesting to compare the localization of NGF and BDNF in individual hippocampal neurons co-infected with adenoviral vectors coding for BDNFmyc and NGF. As demonstrated in Figure 7 , no differences between the intracellular localizations of The duration of the depolarizing stimulus was 1 minute; a flow rate of 0.5 ml/min was chosen in order to obtain a higher resolution. Fractions were collected over periods of 1 minute and BDNF concentrations were quantified by ELISA. B: Representative example of the time course of BDNF secretion from cultures of hippocampal neurons infected with AdCMV-BDNFmyc. The perfusion rate was 0.5 ml/min and fractions were collected over periods of 1 minute. BDNF concentrations were quantified by ELISA (upper panel). Effect of 50 mM KCl depolarization for 1 minute on calcium transients in hippocampal neurons. Neurons were loaded with fura-2/AM and intracellular calcium concentrations were calculated from the ratio of the fluorescence at excitation wavelengths of 340 and 380 nm, respectively (middle and lower panels). In the middle panel, the calcium transients were determined in the presence of calcium in the perfusion fluid; in the lower panel they were determined in the absence of calcium and presence of BAPTA. C: Representative example of the time course of BDNF secretion from AdCMV-BDNFmyc infected hippocampal neurons induced by 5 minutes depolarization with 50 mM KCl. The cultures were perfused at a flow rate of 0.5 ml/min and fractions were collected over periods of 1 minute each. BDNF concentrations were quantified by ELISA. In contrast to A and B, the duration of the KCl depolarization was 5 minutes. The perfusates were collected in fractions of 1 minute each and the BDNF concentrations were determined by ELISA (upper panel). In parallel experiments, the effects of 5 minutes 50 mM KCl depolarization on calcium transients were determined in the presence (middle panel) and absence (lower panel) of extracellular calcium, as in B. The data show representative examples of BDNF secretion obtained from at least four independent experiments. For experimental details, see Material and Methods. the two neurotrophins were detectable. Both NGF and BDNF were localized in relatively high concentrations in the perikaryon and in a punctuated dispersed pattern in all neuronal processes with virtually identical localization, as demonstrated by the overlay of two confocal scanning pictures at the same level representing BDNF and NGF immunoreactivity (Fig. 7) .
DISCUSSION
Against our expectations, the initial analysis of activity-dependent secretion of NGF from native hippocampal slices and NGF-transfected hippocampal neurons showed unusual characteristics, indicating that the activity-dependent secretion of NGF (Blö chl and Thoenen, 1995 Thoenen, , 1996 is different from that of conventional neurotransmitters (Hanson et al., 1997; Neher, 1998; Sudhof, 1995) . The secretion of NGF elicited by 50 mM potassium or 50 µM glutamate was independent of extracellular calcium but depended on the release of calcium from intact intracellular calcium stores. In a different set of experiments, Goodman et al. (1996) demonstrated that the high potassium-mediated release of BDNF from hippocampal neurons transduced with a BDNF-expressing herpes simplex virus depended on extracellular calcium. This led those authors to conclude that one possible explanation for this discrepancy could be differences between the mechanisms of NGF and BDNF secretion. Even more funda- Fig. 3 . Significance of different time intervals between consecutive 50 mM KCl depolarizations for the extent of BDNF secretion. Comparison between the time course of 50 mM KCl-mediated 3 H-glutamate and BDNF secretion. A: Primary cultures of hippocampal neurons infected with AdCMV-BDNFmyc, perfused at a flow rate of 0.1 ml/min and fractions collected over periods of 5 minutes. In contrast to the usual time interval of 30 to 40 minutes between two consecutive 50 mM KCl stimulations, the cultures were stimulated at intervals of 15 minutes for 5 minutes by 50 mM KCl. B: In contrast to A, the time interval between the first and the second stimulation was extended to 60 minutes. Periods of 50 mM KCl depolarizations, collection procedures, and determinations of BDNF concentrations as in A. C: Comparison between the time courses of high potassium depolarizationmediated 3 H-glutamate and BDNF secretion. Hippocampal neurons infected with AdCMV-BDNFmyc were loaded with 3 H-glutamate and perfused at a flow rate of 0.1 ml/min. Depolarization with 50 mM KCl was initiated for 5 minutes and samples were assayed for BDNF and 3 H-glutamate concentrations. The data show representative examples of BDNF secretion obtained from four independent experiments. For experimental details, see Material and Methods. mental differences were reported by Mowla et al. (1997) , suggesting that NGF and BDNF were sorted and secreted in a distinctly different manner in hippocampal neurons and in pituitary AtT-20 and GH3 cell lines. If, indeed, such differences exist with respect to the processing, sorting, and mechanism of secretion of different members of the neurotrophin family, this would have important implications for the modulatory role of neurotrophins in activity-dependent neuronal plasticity. It would add an additional facet of complexity to the differing sites and extent of the expression of the different neurotrophins and their corresponding signaltransducing Trk receptors.
In view of these far-reaching consequences, a comparative analysis of the secretion of neurotrophins under comparable experimental conditions seemed mandatory. Here, we demonstrate that under the same experimental conditions BDNF and NGF show the same subcellular distribution and the same characteristics of secretion initiated by high potassium and glutamate.
There Are No Differences Between the Mechanisms of Secretion of NGF and BDNF in
Native Hippocampal Slices and Transduced Hippocampal Neurons The analysis of the mechanism of activity-dependent secretion of neurotrophins is hampered by their low expression in vivo and in cultured neurons in vitro. Moreover, neuroendocrine cell lines, which are preferentially used for the analysis of sorting and secretion, do not express neurotrophins at all. Therefore, for many experimental approaches (Blöchl and Thoenen, 1996; Canossa et al., 1997; Goodman et al., 1996; Heymach and Shooter, 1995; Heymach et al., 1996) an overexpression of the neurotrophins to be investigated was unavoidable, bearing in mind the danger that the results obtained did not reflect the physiological situation. In the present experiments, aimed at the comparison of the mechanisms of secretion of NGF and BDNF, it was Fig. 5 . Comparison between the presence and absence of extracellular calcium on glutamate-mediated BDNF and NGF secretion and calcium transients. A: Cultured hippocampal neurons were infected with AdCMV-BDNFmyc and perfused at a flow rate of 0.1 ml/min. After a first 5-minute stimulation with 50 µM glutamate, a second stimulation was initiated after a 30-minute perfusion in the absence of extracellular calcium and the addition of BAPTA (10 µM). Fractions were collected over 5-minute periods and BDNF concentrations were determined. The data show a representative example of BDNF secretion quantified by ELISA and expressed in pg/ml. The statistical analysis relative to glutamate-induced BDNF secretion is shown in Figure 4 and expressed as the mean Ϯ SEM of at least four independent experiments. B: The same experimental procedures as in A but, in place of AdCMV-BDNFmyc, AdCMV-NGF was used for infecting hippocampal neurons. C: Hippocampal neurons in culture were loaded with fura-2/AM and the calcium transients were determined in the presence (left panel) or absence (right panel) of extracellular calcium. The calcium-free perfusion medium was supplied with the extracellular calcium chelator BAPTA. [Ca 2ϩ ] i was determined from the ratio of the fluorescence at excitation wavelengths of 340 and 380 nm, respectively. For experimental details, see Materials and Methods. D: Time course of glutamate concentration in the perfusate of hippocampal cultures, perfused at a flow rate of 0.1 ml/min. The perfusate was supplied by 50 µM glutamate for 5 minutes and the glutamate content was determined in 5-minute fractions. For experimental details, see Materials and Methods. comforting to see that the transduction procedures used did not change the characteristics of secretion compared to those of native hippocampal slices. This was especially true for the time course of secretion initiated by high potassium and glutamate, the independence of extracellular calcium, and the dependence on intact intracellular calcium stores. Moreover, using the same transduction procedure, BDNF and NGF showed a virtually identical intracellular localization in differentiated hippocampal neurons as demonstrated by confocal fluorescence microscopy. All these observations are in agreement with the notion that neurotrophins show a high degree of amino acid conservation in domains that are essential for processing and appropriate folding (Heymach et al., 1996) .
Basis for the Controversial Results Reported by Goodman and Co-Workers in Comparison With
Our Results
In order to obtain a reproducible time resolution of neurotrophin release, we developed a perfusion system that permitted the comparison of the release from native hippocampal slices and-since the levels of NGF were too low-that from NGF-transduced hippocampal cultures Thoenen, 1995, 1996; Canossa et al., 1997) . The use of a perfusion system was also recommended by the virtually exclusive use of perfusion systems for the quantitative analysis of neurotransmitter release from neurons and brain slices, which are particularly sensitive to suboptimal metabolic condi- Fig. 6 . Influence of the depletion of calcium stores on high potassium-mediated BDNF secretion in the presence of extracellular calcium under perfusion and static conditions. A: AdCMV-BDNFmyc-infected hippocampal cultures were perfused at a flow rate of 0.1 ml/min. A first 5-minute stimulation with 50 mM KCl was followed by the addition of thapsigargin (10 µm) and caffeine (3 M each) to the perfusion fluid, with the initiation of a second 5-minute KCl stimulation after 35 minutes of thapsigargin/caffeine perfusion. Perfusion fluid was collected over periods of 5 minutes and BDNF concentrations were determined by ELISA. The data show a representative example of BDNF secretion obtained from at least four independent experiments. B: In contrast to A, the effect of thapsigargin/caffeine-mediated depletion of calcium stores was performed under ''static'' conditions. Hippocampal neurons, infected with AdCMV-BDNFmyc, were depolarized for 10 minutes with 50 mM KCl. The effects of KCl depolarizations on the release of BDNF are compared with respect to the absence of extracellular calcium and the presence of the extracellular calcium after depletion of intracellular stores by thapsigargin/caffeine. The data presented are the mean Ϯ SEM of at least four independent experiments. tions (Malcangio et al., 1997) . The prerequisite for the analysis of NGF and BDNF secretion in a perfusion system was the availability of highly sensitive specific ELISAs for the two neurotrophins.
The BDNF release experiments by Goodman et al. (1996) were based on the identification of BDNF secretion by Western blot analysis and, accordingly, required prolonged and intense stimulation procedures that opened up the possibility of neuronal damage. This explanation for the discordant results proved to be wrong since we confirmed that, under static conditions, high potassium-mediated BDNF secretion is dependent on extracellular calcium even with stimulation times of only 5 minutes using 1 mM calcium and omitting PMSF (Fig. 6) . Thus, the reported differences between the secretion characteristics of BDNF and NGF do not reflect differences between the subcellular distribution and mechanism of secretion of the two neurotrophins, but are dependent on the different experimental conditions under which these results were obtained, namely ''static'' versus ''perfusion'' conditions.
A further analysis of the mechanism of neurotrophin secretion, conducted under ''perfusion'' conditions, revealed that calcium release from intracellular stores is required even in the presence of extracellular calcium. After depletion of intracellular stores by pretreatment with caffeine and thapsigargin, the KCl-mediated secretion was also blocked in the presence of extracellular calcium (Fig. 6A) . Similar results were obtained when the secretion was stimulated with glutamate (data not shown). Particularly interesting was the observation that intact calcium stores are also required for neurotrophin secretion under ''static'' conditions in the presence of extracellular calcium (Fig. 6B) .
In view of the importance of intact calcium stores for neurotrophin secretion, we further analyzed the calcium transients resulting from glutamate and high potassium stimulation, both in the presence and absence of extracellular calcium. In confirmation of previous experiments (Canossa et al., 1997) , glutamate (50 M) produced a marked increase in the calcium transients in hippocampal neurons, which were reduced but not abolished by the omission of extracellular calcium and addition of 10 M BAPTA (Fig. 5C ). In contrast, calcium transients resulting from 50 mM potassium depolarization were completely abolished by the absence of extracellular calcium under both perfusion (Fig. 2B,C) and static (data not shown) conditions. Nevertheless, the high potassium-mediated neurotrophin secretion seems to depend on calcium release from intracellular stores, since it can be blocked by BAPTA/AM (Fig. 4A) and by the depletion of intracellular calcium stores by caffeine and thapsigargin (Fig. 6) . Most likely the calcium imaging procedure useddespite its high sensitivity (but limited spatial resolution)-does not permit the detection of calcium at ; Fig. 7 . Comparison between the intracellular distribution of BDNF and NGF in hippocampal neurons using confocal microscopy. Hippocampal neurons kept in culture for 9 days were co-infected with AdCMV-BDNFmyc and AdCMV-NGF and simultaneously immunostained with an antibody (9E10) recognizing the myc epitope and antibodies against NGF as described in Materials and Methods. specific strategic sites necessary to initiate the regulated secretion of neurotrophins. Since at the light microscopic level the storage compartments for neurotrophins in all neuronal processes correspond to the endoplasmic reticulum (Blöchl and Thoenen, 1996; Gä rtner et al., 1998) , it seems conceivable that the calcium and neurotrophin stores are closely associated or even identical.
Although the voltage-gated calcium influx is well established and generally accepted as the crucial triggering mechanism for the fusion of synaptic vesicles with the plasma membrane (Berridge, 1998; Neher, 1998; Sudhof, 1995) , the role of calcium released from intracellular stores in the regulation of exocytosis is receiving increasing attention. In gonadotrophs of the pituitary, exocytosis is triggered by calcium from internal stores (Tse et al., 1993 (Tse et al., , 1997 . It is thought that calcium is released locally from intracellular stores in close association with exocytotic sites. Moreover, in melanotrophs (Lee, 1996) , bag cell neurons of Aplysia (Jonas et al., 1997) , and pancreatic acinar cells (Kasai and Augustine, 1990) , calcium release from intracellular stores seems to be responsible for exocytosis. In view of all these observations, a precise ultrastructural localization of storage sites in neurons at different stages of differentiation is mandatory. In PC12 cells transduced with BDNFmyc, immunoreactivity has been localized in large dense core vesicles (Möller et al., 1997) . This is of particular interest, given that neurotrophin secretion from PC12 cells also occurs in the absence of extracellular calcium (Canossa et al., 1997) , suggesting an additional storage compartment other than the large dense core vesicles. In hippocampal neurons, the storage compartment from which neurotrophins are secreted must be different, since there are virtually no large dense core vesicles detectable. However, in axon terminals of dorsal root ganglion neurons projecting to the spinal cord, endogenous BDNF has been localized in large dense core vesicles (Michael et al., 1997) . Therefore, it could well be that activitydependent secretion of the BDNF moiety localized in the large dense core vesicles of sensory neurons and in large dense core vesicles of PC12 cells depends on extracellular calcium.
